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[Clmetronidazole used at the chemotherapeutic concentration of 10 ug/ml is
taken up rapidly by the anaerobic protozoa Tritrichomonas foetus, Trichomonas
vaginalis, and Entamoeba invadens kept under anaerobic conditions. It can be
calculated that within 30 to 60 min the intracellular concentration of the label is
50 to 100 times higher than in the medium. The presence of air markedly
suppresses the uptake in the trichomonads and abolishes it in E. invadens. The
suppression disappears after anaerobic conditions are established. The rate of
uptake in T. foetus is dependent on the concentration of the drug in the range
studied (1 to 200 ug/ml). Analysis of double reciprocal plots suggests that the
drug enters the cells predominantly or exclusively by diffusion. The major factor
driving the uptake is most likely the intracellular biotransformation of the
compound. If less than 3 ug of drug per mg of protein is taken up by T. foetus no
decrease in viability is observed. Above this level the cytotoxic activity corre-
sponds roughly to the amount accumulated in the cell, irrespective of whether
the conditions are anaerobic or aerobic.

Metronidazole [Flagyl; 1-(2-hydroxyethyl)-2-
methyl-5-nitroimidazole], as well as several
other 5-nitroimidazole derivatives, strongly in-
hibits anaerobic protozoa and anaerobic bacte-
ria and has very limited biological activity in
aerobic organisms (7). Such a high specificity is
usually observed only with compounds that se-
lectively inhibit certain biochemical processes
in prokaryotic microorganisms without affect-
ing similar processes in eukaryotes. The speci-
ficity of 5-nitroimidazole derivatives, however,
cuts across the line between prokaryotes and
eukaryotes, and thus the most favored explana-
tion of the selectivity is that these drugs inter-
act with biochemical systems or pathways
found only in anaerobes (5, 9). The nature and
mechanisms of this interaction are not fully
understood.

We studied the uptake of the [**C]lmetroni-
dazole by three anaerobic protozoa and its effect
on the viability of one species. In view of the
known effect of the presence or absence of O, on
the metabolism of anaerobic organisms (6, 14,
17, 18), we examined whether O, had any effect
on the activity of metronidazole. Additional in-
terest in this question is due to the fact that
many organisms against which 5-nitroimida-
zoles are used are present in host tissues that
are not anaerobic.

MATERIALS AND METHODS

The following protozoan species were used: the
flagellates T'ritrichomonas foetus (strain KV,) from
cattle and Trichomonas vaginalis (ATCC 30001)
from humans, parasites of the genito-urinary tract,
and the rhizopod Entamoeba invad (ATCC
30020), a parasite of reptile intestine. All three
strains were axenic and grown under the following
conditions: T. foetus for 1 day in Diamond’s TYM
medium (2) without agar, pH 7.2, with 10% bovine
serum at 37 C; T. vaginalis for 1 day in the same
medium, pH 6.0, with 10% horse serum at 37 C; E.
invadens for 7 days in Diamond’s TPS-1 medium (3),
pH 7.0, with 10% bovine serum at 25 C. The media
for T'. vaginalis stock cultures contained 0.1% agar.
Material used in the experiments was passaged
twice in agar-free medium before inoculating the
final cultures.

The cells were collected by centrifugation at room
temperature (2,500 rpm for 5 min in the SS-34 rotor
of the RC-3 refrigerated centrifuge; DuPont-Sorvall,
Norwalk, Conn.), washed twice in a buffered salt
solution (4) (pH 6.3 for the trichomonads and pH 6.9
for the entamoeba) under identical conditions, and
finally suspended in the same solution.

Samples of appropriate volume (usually 20 ml)
were placed in 50-ml Erlenmeyer flasks that were
closed with rubber serum stoppers (no. 10-4798; Ace
Scientific Supply Co., Inc., Linden, N.J.) and incu-
bated under orbital shaking (200 cycles/min) in a
water bath (AquaTherm, New Brunswick Scientific
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Co., New Brunswick, N.J.) at 37 C (trichomonads)
or 25 C (E. invadens). The flasks were flushed
throughout the experiments with analyzed gas mix-
tures containing 5% CO, either in N, or air (Mathe-
son Co., Rutherford, N.J.). Hypodermic needles in-
serted into the rubber caps served as gas inlets and
vents.

[**Clmetronidazole (uniformly labeled in the hy-
droxyethyl side chain) dissolved in water or in the
above-mentioned buffered salt solution (if the in-
jected volume exceeded 1% of that of the sample in
the flask) was injected into the flasks after 30-min
equilibration with the gas phase. Samples were
withdrawn periodically with hypodermic syringes.

To determine the uptake of label by the cells,
samples were centrifuged for 1 min at top speed in a
tabletop clinical centrifuge (model CL, Interna-
tional Equipment Co., Needham, Mass.). The sedi-
mented cells were washed twice under identical con-
ditions in 250 mM sucrose and finally dissolved in
100 mM NaOH containing 0.4% sodium deoxycho-
late. Another part of the whole sample was diluted
with the same mixture for the determination of label
present in the initial suspension (cells and medium
together). Radioactivity in aliquots of the dissolved
samples was determined by scintillation counting.

Protein content of the dissolved samples was de-
termined by an automated Lowry procedure (10).
Bovine serum albumin was used as a standard.

Cells in samples appropriately diluted with the
buffered salt solution were counted with a Coulter
counter (model B, Coulter Corp., Hialeah, Fla.).

Viability of T. foetus was assessed by evaluating
growth in serial dilutions according to the method of
most probable number. Tubes containing the dilu-
tions made with the complete growth medium were
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incubated in anaerobic jars (GasPak Anaerobic Sys-
tem, BBL, Cockeyesville, Md.) in an H, and CO,
atmosphere (generated by GasPak no. 70304 dispos-
able gas generator envelopes and checked with
GasPak no. 70504 disposable anaerobic indicator).

RESULTS

Figure 1 shows the appearance of label in
cells if ["*Clmetronidazole is added at a final
concentration of 10 ug/ml. The uptake by all
three species is rapid under anaerobic condi-
tions. Under aerobic conditions trichomonad
cells still accumulate label, albeit at a much
slower rate, whereas uptake by E. invadens
cells is not detectable. If the conditions are
changed from anaerobic to aerobic or the re-
verse, the rate of uptake is adjusted to the new
conditions within a few minutes in the case of
trichomonads and somewhat slower in E. inva-
dens.

The order of magnitude of the ratio of the
drug concentrations in the cells and in the me-
dium was estimated by assuming that proteins
represent at least 10 to 20% of the weight of the
cells, and thus 1 mg of protein corresponds to an
approximately 5- to 10-ul cell volume. An accu-
mulation of 5 ug of metronidazole per mg of
protein, attained by all three species within 30
to 60 min under anaerobic conditions, thus cor-
responds to an intracellular concentration of
500 to 1,000 ug/ml, exceeding the extracellular
value by a factor of 50 to 100.

More detailed experiments were performed
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F1c. 1. Uptake of [**C]metronidazole (10 ug/ml) by T. foetus (A), T. vaginalis (B), and E. invadens (C).
The gas phase was 5% CO, in air (®) or in N, (O). In some experiments the gas phase was changed (solid
arrows) from air to N, (A) or from N, to air (A). Points shown are mean values + standard deviation of data
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on T. foetus, the species most amenable to ex-
perimentation. The velocity of uptake of label,
as defined by the linear portion of the uptake
curve between 5 and 25 to 35 min, was deter-
mined for different concentrations of metronid-
azole (1 to 100 ug/ml under N, and 2 to 200 ug/
ml under air). The uptake is clearly dependent
on the drug concentration under both anaerobic
and aerobic conditions. Double reciprocal plots
of the results (Fig. 2) suggest that the entry of
the drug does not follow saturation kinetics
within the concentration ranges studied.

Figure 3 shows the change in the number of
viable cells of T'. foetus in the presence of differ-
ent concentrations of metronidazole under an-
aerobic and aerobic conditions. In all cases via-
bility decreases roughly logarithmically. As ex-
pected from the marked dependence of uptake
on the presence or absence of O,, the drug is
much less effective under aerobic conditions.
For instance, 10 ug of drug per ml kills more
than 99% of the trichomonads in the absence,
but none in the presence, of O, in 90 min. No
decrease in viability was observed in control
experiments when T'. foetus cells were incu-
bated aerobically or anaerobically in the ab-
sence of drug.

By appropriate choices of the outside concen-
tration of metronidazole one can easily manipu-
late the amount of drug taken up by the cells.
Uptake of less than 3 ug of protein per mg has
no effect, but uptake of larger amounts results
in loss of viability (Fig. 4). Although there is
much scatter in the results, the degree of kill-
ing is dependent on the amount of drug taken
up. It is of special interest that about the same
loss of viability is observed in aerobic and an-
aerobic experiments, provided that the same
amount of label was taken up.

DISCUSSION

Our results show that the label from [4C]-
metronidazole rapidly accumulates in tri-
chomonads and E. invadens kept in non-nutri-
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Fi1c. 2. Uptake of [**C]metronidazole by T. foetus
under N, (A) or air (B). Double reciprocal plots.
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tive medium under anaerobic conditions. This
is in agreement with earlier experiments in
which metronidazole added to growing cultures
was taken up by anaerobic protozoa and bac-
teria but not by the aerobic protozoa Tetra-
hymena pyriformis and Trypanosoma cruzi or
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by vertebrate cells in tissue culture (9, 20).

The concentration dependency of the uptake
process does not indicate a significant partici-
pation of mediated processes. If such processes
occur, as suggested (9), they possibly do not
play an important role in the therapeutic con-
centration range.

Atmospheric O, is a powerful inhibitor of the
uptake process. In trichomonads it decreases
the rate to low levels, whereas in E. invadens it
abolishes the uptake. This effect is, however,
completely reversible and thus it is not likely to
be due to damage to the cells or to sensitive
enzyme systems. The presence or absence of O,
is known to influence markedly the metabolism
of anaerobic cells, usually because O, is a pre-
ferred acceptor of electrons from different path-
ways. The marked effect of O, on metronidazole
uptake strongly suggests that the process de-
pends on the availability of reducing power
inside the cell.

The role of this reducing power is possibly in
modifying the drug by reduction of the 5-nitro
group after it enters the cell and thus in keep-
ing the intracellular concentration of the un-
changed drug low. This generates a concentra-
tion gradient that drives the uptake of the drug
and explains the accumulation of large
amounts of C label in the cell. The occurrence
of such a reduction in anaerobic cells has been
repeatedly suggested and support for it comes
from the findings that extracts of trichomonads
and anaerobic bacteria reduce the drug (12, 16)
and that, in trichomonads treated with metro-
nidazole, no unchanged drug is found and *C
label introduced with the drug is in compounds
that have no nitro group and biological activity
9.

The nature of the intracellular redox system
has been the subject of much discussion. It
has been suggested that ferredoxin- and flavo-
doxin-type electron transport proteins are re-
sponsible for the reduction of the compounds
(5, 16). Reduced ferredoxin is able to reduce
metronidazole in a non-enzymatic reaction (D.
G. Lindmark, unpublished data). These pro-
teins are known to occur and play a major role
in the metabolism of anaerobic prokaryotes
and to be of no or only specialized signifi-
cance in nonphoto synthetic aerobic eukaryotes
(15). Although such proteins were not yet di-
rectly demonstrated in trichomonads or En-
tamoeba species, the occurrence of a pyruvate
synthase and hydrogenase that utilize exoge-
nous ferredoxin (11, 13; D. G. Lindmark, in B.
Sepilveda and L. Lauda (ed.), Proceedings of the
International Conference on Amebiasis, in
press), as well as the well-documented H, forma-
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tion in these forms (1, 14, 18), provides strong in-
direct evidence for their presence and role in

metabolism. Accordingly, such low-redox-poten-
tial redox systems could represent a major unify-
ing link between those prokaryotes and eu-

karyotes that are highly sensitive to 5-nitro-

imidazoles and they are likely to be involved in

the reduction of the drug.

The absence or subordinate role of systems
able to reduce the nitro group of the drug ex-
plains the low uptake and effect of these com-
pounds in aerobic organisms. Mammalian or-
ganisms treated with 5-nitroimidazole deriva-
tives excrete most if not all of the drugs un-
changed and as derivatives with intact nitro
group (8, 19).

The products of the reductive biotransforma-
tion of metronidazole have not been character-
ized (9). It has been suggested that short-lived,
highly active products are formed that interact
with deoxyribonucleic acid and thus inhibit
macromolecular synthesis and exert cytotoxic
action (9, 21). In the present work we found
that cytotoxicity in T'. foetus is related only to
the amount of label, i.e., drug taken up, and is
not inhibited by O,. This finding suggests that
the protective effect of O, on metronidazole-
treated organisms is primarily due to decreased
uptake.

In conclusion, the selective action of 5-ni-
troimidazoles is best explained by the assump-
tion that intracellular reduction of the nitro
group by the anaerobic redox systems of suscep-
tible organisms is essential for two reasons. It
decreases the intracellular concentration of the
unchanged drug and thus maintains a gradient
driving the uptake, and it generates a possibly
short-lived compound that is toxic to the cell.
The rate of this process depends on the competi-
tion for the reducing power. As shown, O, is a
very powerful competitor in this process. It is a
likely possibility that the chemotherapeutic ef-
ficiency of the 5-nitroimidazoles will be differ-
ent against infections localized in tissues with
high or low pO, values. In addition the present
experiments suggest that labeled metronidaz-
ole might be a useful tool in the assessment of
the functioning of the low-redox-potential sys-
tems in different anaerobic microorganisms.
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